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Overview

Timeline Barriers
e October 15t 2016 -  Development of PHEV and EV batteries
September 30t 2019 that meet or exceed the DOE and USABC
' goals
* Percent complete: 80% Partners

— Cost, Performance and Safety

* Six Laboratory Team lead by NREL:

— Sandia National Laboratory

Budget — Argonne National Laboratory
— Oak Ridge National Laboratory
* Funding for FY20: — Lawrence Berkeley National Laboratory
S3800K — Pacific Northwest National Laboratory

 UC Berkeley, Colorado University Boulder, Colorado School of Mines,
University of Rhode Island
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Program Relevance

Si anodes are ~10x higher capacity than graphite anodes

1. Si anodes have three major challenges to commercialization
o High Capacity Fade
o Poor Shelf Life
o Electrode formulation/stability

2. SEl formation in Si much more complex than in graphite, and seems to be dependent on
initial state and history

o Large volume expansion on alloying

o Extensive gas formation
Objective:

Improve calendar life and understand initial

. o »g/ stages of SEl formation by understanding
=2 Sandia ) \ AK . . . . . . .
ZINREL ()&=, 1\1 Ribor Agome® i ot intrinsic chemical reactivity of Si electrodes

[Breccicy Lan] NATIONAL LABORATORY
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Approach

Critical Questions:

 What are the properties of
the lithiated silicon
electrolyte interface?

 What is the Silicon SEl made
of and what reactions are
contributing to it?

* How fast does the Silicon SEI
grow?

* Does it stop growing?

* |sitsoluble?

 (Can it be stabilized?

FINREL g%, 3 $0cr mgonned Dy researchersto o

wroer Pacific Northwest
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FY20 Milestones

1. Have demonstrated ability to make model electrodes of Mg-Si zintl compounds and compared SEI chemistry to silicon using XPS, STEM-
EDS and FTIR/Raman. Q1 Complete

2. Have established experiments and protocols for understanding the factors that affect safety in silicon anodes, with a specific focus on
highly exothermic reactions that occur at silicon electrodes. Q1 Complete

3. Have determined the affect that CO2 has on the stability of SEI formation on model electrodes, but examining the changes in the nature
of the SEI (XPS, and FTIR/Raman and quantitate electrochemical measurement) as a function of CO2 concentration. Q2 Complete

4. Have determined zintl phase formation mechanism and its effect on SEI with model systems including Si NPs, Si wafer, a-Si thin film using
XPS, AFM/SSRM, STEM-EDS and FTIR/Raman. Q2 Complete

5. Go/NoGo on production of tin-silicon alloys to be determined by the ability of the alloys to be prepared in 1g quantities and a
demonstration that the alloys exhibit greater cyclic life than the pure metals alone. Q2 Complete

6. Have determined the chemistry and interfacial properties (e.g. nature of the chemical bonding at the surface of Si and the organic
material) of LiPAA/Si interfaces as a function of charge (OCV, 0.8V, 0.4V, 0.15V, 0.05V) and drying temperature (100, 125, 150, 175,
200C). Q3

7. Have determined how binder changes the stress/strain on silicon electrodes as a function of state of charge by varying Si NP size and
surface functionally utilizing both 2 or three dimensional model systems. Q3

8. Have implemented protocols that enable comparisons of safety responses in silicon anodes as a metric for improving safety in silicon
cells. Q3

9. Have published a document that will enable other research and development groups to analyze stability of the SEI on a silicon-based
anode, thus enabling developers or researchers to continually improve silicon cell stability (joint milestone with the Silicon Deep Dive).
Q4

10. Have understood how the nature and amount of formed/soluble SEI species varies with electrolyte, binder, and Si anode (with surface
functionalization) using GC-MS, (in-situ) FTIR/Raman and XPS. Q4

HNREL @& ) ¥ apome® v vorin.

Pacific Northwest
[Bcexcier Lan]
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SEISta — Approach and Overview

~ , \N = \ .
[ " < ,N - . SEI DEDOHC
‘\y/ =% - ?) Sio,
~ ° ° \I
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SEI LIEDC

SEI formation
—_—

13v

Lithiation
—_—

0.1v

Li,sio,

| SEI DEDOHC . LiysSis

J. Phys. Chem. C 2017, 121, 14476-14483

Overarching Mission: Develop a stable SEI layer for Silicon Anodes to enable the use of intermetallic anodes for
lithium ion batteries.

This is not a new challenge but we believe that the difficulties working with silicon have precluded a “quick fix” to
long term stability of silicon electrodes.

We require a more foundational understanding of the formation and evolution of the SEl on silicon.

Understand first, fix later!

=

. . OAK n %
=2 Mational @ Frrrrer [ pd oy
o4 I 'IR E L @ Laboratories ?‘l\\ﬂ - —RI.I.)(’[ Argonne ,,,,,, Pacific Northwest
[Exeecicy Lan] NATIONAL LABORATORY
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Standardized Testing Protocols for Predicting Full-Cell Lifetimes

_
Key Concepts: ) e B T i
. . . (shorter time, the better)
* Full-cell calendar and cycle lifetimes can be predicted e T reate the lape the btte
using data from short standardized testing protocols. ;! D ot o e N,
S NG (longer the steadiness, better)
* |Voltage hold tests use figure-of-merit approach to project I e ’
. . . . . . . g se® Toe  S@ Iy Create FOM point plot:
calendar lifetimes by measuring lithium consumption |—= s S ,-.,..;;'.-;-‘-.::.;..‘ % bebt
.:.. : .‘. ul e .‘. ..o-. Fud ..' = %
rates. PX IO AR N 3 / [ ks
0 ] foo 400 600 .
. . . . e
* Cycling tests. me.asgre accumulated irreversible capacity | L A —_
(AIC) to predict lifetimes:
n J— ® Discharge = = Accumulated Irreversible =— Cumulative Total
§ Qlithiation cyclen — Qdelithaiation cyclen — AIC '\';::—'—:—'— """""""""""""""""
cyclen=1 gs- _______________________________ I
- % o et Cumulative total
) o ) § '] 7 Lithiuminventory limited: capacity plateaus at Li
* | AIC corresponds to consumption of lithium inventory and 8 A Reversiplecanacityibegins declining  inventory limit (~1.79
capacity fade in full-cells. T —— mAh/cm?)
- i - - Excess Li: —
e Lifetimes of full-cells can be predicted using AIC values o LStablereversiblecapacity——————————
S — 4] 50 100 150 200
determined from short half-cell experiments. Cycle Number
OAK xg/ Standardized testing for cyclic life and calendar life is

Pacific Northwest

nnnnnnnnnnnnnnnnn

DINREL @ik, 13

fic Northwest part of a stage gate possess for developments.
Cell Details: 2032 coin-cell, 40-80 uL Gen2F electrolyte, 80 wt% Si anode (CAMP A018) , LFP cathode (CAMP LN3174-185-3

MNATIOMAL RENEWABLE ENERGY LABORATORY 7



TECHNICAL ACCOMPLISHMENTS AND PROGRESS

Understanding the Li-Mg-Si TERNARY ZINTL SYSTEM - Approaches

TECHNICAL ACCOMPLISHMENTS AND PROGRESS

FY19

.+ Comparison of reactivities
M TR SV TR 2
e LiZ5] B

Direct evidence of Li loss from
the bulk

Proposed Si-anion reactions

[5i-5i* — 21Si%
st - 2807+ (S
e o
% oW W om0 m Kooz ol
St (ppm) 290 ?

(]

Instability of lithium silicides
(identified last year) bulk and
surface can be largely mitigated
by incorporation of M*2/*3 which pjrect evidence of bulk stability

provide coulombic stabilization

in the Zintl phase. See BAT388

for applications in half and full inghon
cells o

EN

Liao, Fulya Dogan, Stephen E. Trask, Saul . Lapidus, lohn T. Vaughey, Baris Key, Energy &
e, 2019, submitted

Using understanding gained in previous work
) ) suggeststhat stabilizing the lithium silicide may
" St OAK N
IINREL (B, %\\1 ¥ A’E?J?.'?.‘Ee be a route to longer life silicon anodes.
23

2) Detailed electrochemical

Well defined nanoparticles samples

3) A lot of characterization

1) Preparation of well controlled model samples

/ ~20 nm Mg layer

Al - — > ~50 nm Si layer
i/ anions in Li-Si Zintl g,ﬁ.lD,\_,a.w,oﬂ e Th in fl | M Sam p | es m y
phases are too reactuil\(g“.[_ w‘;

Cu foil current collector

Diameter (nm)

GF

EEET figeharge 100y

Understanding
the how the zintl
phase system
affects SEI
formation and
evolution is a key

.. charge agomy
3

182 ppm 70 ppm

72 ppm

OO 400 200 0 -200 400 -SD0
15 ghitt jpprr)

. — LiyMg,Si,[ &ru
8 b Resistivity Scale uis |ZMS
danalysis ek
0.08 Full Cell with NMC532 Cathode 100 Mg 2p
’ 200
0.04] 3 b — | SilMg
- B S g
Z0.00 $s0- T 102 =
- s A ‘D
£.0.04 K ‘ 4 [
£ 2, 10 Resistivity Sca 2
5-0.084 *‘.; E,JO = Height Scale (nm) (Q-cm) £
=] 8 £ 5 10° +15 107
-0.12 —81_GenF S 38,6
— SilMg_GenF 8 3§10 7 /
——Si_GenFM £ Q€ 7]
0.164 i_Genl 2 Sv%ﬂ) . 0
%810 7
-0.20 T T T T Oh—ua R S ne o] -15 0?
0.0 0.3 0.6 0.9 1.2 1.5 11121 3141516171819 10 1
Cyce R I I | i = Lo
Voltage (V) 0 10 20 30 40 50 60 ey e B e =
Depth (n~* - Binding energy (eV) e
= r
-2 Sandia ' %{)"\I\ %
TINREL (i)~ coecoe?) IDGE .
i} Laboratories U T Argonne.,. Pacific Northwest
[Bcexcicy Lan] NATIONAL LABORATORY
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TECHNICAL ACCOMPLISHMENTS AND PROGRESS

Mechanistic Understanding of Zintl Phase in the SEI

Smniey < BEMEE.
TR debeles, thw“@“w Co-insertion of Mg and Li cations into the Si electrode during the lithiation
! “’bsry"l.y.,.s process, forming less reactive metal-substituted lithium silicide species in
Hgmm Bspeyieenon an in situ fashion and reducing the reactivity of charged Si anodes.
HRXRD Li MAS NMR

Si electrode lithiated in GenFM Si electrode lithiated in GenFM '
Fittin (] R |
After 17 cvcles J \: ‘/‘)

riuang
Difference \ft cycle
I\ A “,‘ After 11 cycles |' -

Li14 65MJp 25Si, fi:8]
o o

Afbar 0 I )/ \
After O cycles Pt/

Normalized Intensity

I | | 11 . . . . . .
JWJ ) e Further ex situ and in situ characterization studies are needed to address...
VT U0 T 10T T W o What is the formation mechanism of Li-M-Si Zintl phaSE?
4 8 12 16 20 24 40 30 20 10 0 -10 -20
Zfhsialc) DRTRESE ) o Where MgO come from and what is the role of MgO in SEI?
Full Cell with NMC532 Cathode Full Cell with HE5050 Cathode

200- 200 o What is the effect of Li-M-Si Zintl phase on SEI?

| 1

§150» % —

¢ %,, -

g Si+GenFC -

§'100~ o SitGenFM o, - o %

2 R g . L. . . . .

. S Mechanistic understanding of Zintl phase in the SEI with model systems

§ 50- Graphite+Gen2 : E’ . . . . . .

: Si+GenFA ; (e.g., Si wafer, amorphous Mg-coated Si thin film, and Si nanoparticles)
01 41 21731741 5161 71 81 9 O 412131 41 51 61 71 81 © OAK

HINREL @ik, =11 ¥Rbo agome® i vormes

Baris K. et al. ACS Appl. Mater. Interfaces 2019, 11,29780 NATIONAL LABORATORY
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TECHNICAL ACCOMPLISHMENTS AND PROGRESS

Mechanistic Understanding of Zintl Phase in the SEI: Model System Il. Amorphous Mg-coated Si Thin Film

— Li,Mg, Si, — LiMgySi; . _ .
~20 nm Mg layer lits | MO Si2p :22;‘ Atmf)rphous Mg coa?ced Si eIec.trodes show
50 similar electrochemical behavior compared
~ nm . .
_—’ Si layer with those of uncoated Si electrodes.
3 ? * Mg coating increases the capacity retention
i © © )
Cu foil current collector = = of a Si anode.
D D
c c ° :
Electrolytes g g The GenFM electrolyte does not improve
GenF: Gen2 + 10 wt% FEC = = the capacity retention for a Si thin film,
GenFM: GenF + 0.1 M Mg(TFSI), indicating different underlying chemistry
i . and structure of formed Zintl phase.
Testing protocol: Mg,Si 4
3 cycles at 0.1C (3.9 uA/cm?), then at 1C \\ Mg2Si * Both the Mg 2p and Si 2p XPS peaks with the
in the voltage range of 0.01-1.5 V (vs Li/Li") 656V 60 55 50 45 10eV 105 100 95 presence of Li 1s peak in the lithiated Mg-
‘o R Binding energy (eV) g ing energy (V) coated Si thin film electrode suggest the
——Si_GenF K] ] S - e . S . %% . . .
Sus) e Il B S—a b potential formation of ternary Zintl phase.
+: ——Si_GenFM §4000-; ;e E,
g2.0- 2 9 3
G 3000+ 1o £ . . S
== . e Potentially formed Zintl phase in lithiated
.21'0_ % 7 . o 193 :E . . . . .
g, C I EE’_'Z"-“::“ Joz £ amorphous Mg/Si thin films is relatively
o g - ' , ' bt less reactive and prevents further
S T ; = Cuclbigubet == unwanted reactions, which enables
N : - \ OAK W . .
INREL () ion -- “RIDGE Arggmgﬁ Pacific Northwest improved electrochemical performance.
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TECHNICAL ACCOMPLISHMENTS AND PROGRESS

Mechanistic Understanding of Zintl Phase in the SEI: Model System lll. Si Nanoparticles

Gen2 + 10% FEC

©»
Q
O
>
S
T
Sf Si [SiH,] NP diameter (nm) X
. o 5 10 15 20 25 30 Qm
I =~ ; B ] £
I o 4 _ s
§ o mmmmm————_— ° 4 |Cm2 [t
>‘ 1 " a i PR | i 3\ PR |
2w : . Si NP diameter (nm)
Diameter (nm) g . 5 |
2 Gen2 + 10% FEC + 0.1 M Mg(TFSi),
* Electrochemical performance - .
comparison between size, S é
electrolyte, and surface oxide § 5)
* Faster cycle rates improves ?
electrochemical performance %
in a GenFM electrolyte “'g
A variety of factors including =
. AL i s L A i 1 L
surface chemlstry, and 00 20 40 60 80 100 1053 5678 910 2 3 4
electrolytes, affects the Cycle Number i 5 Si NP diameter
i . : \ AK
formation of Zintl phase. LINREL ()&, ;\J\ RIDGE ~ Argonne %= Pacific Northwest
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TECHNICAL ACCOMPLISHMENTS AND PROGRESS

Tailoring the Si anode through the addition of alloy components

S M. — Li,Si
nLi+Si; M, — Li Si; M,

400
* Sialloys (Si;,M,) have previously been shown to * Alloying is not an effective strategy to
improve cycling performance by: mitigate volume expansion 300
* Suppressing Formation of c-Li;Si, phase * Favorable Si-M interactions (Iower

initial volume) tend to increase
volumetric expansion

* Higher initial volumes decrease
expansion at the expense of

e N ) volumetric capacity
* Lithiation potential is decreased when alloyed with 0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8

transition metals such as Ni, Ti, Zr x Li
* Voltage can be tuned by changing Si fraction

Lithiation Potentials Li Diffusivity

* Lowering cycling voltage
* Improving Li diffusion
* Modifying surface reactivity and SEI stability

=
o
o

Volume expansion (%)
S
o

067 = Calculations are being used to » Li diffusivity can be increased when alloyed with Sn
T 2 :
=05 SizNi help determine the alloys that
0.4 SiNi
E ol . SiNis may have the most positive

10—8 J

T

go.z characteristics for silicon
20 \ anodes

(@]

> 0.0

500 1000 1500 2000
Volumetrlc Capacity (mAh/L)

1 —o— LipSig.625N0.38
1077 —o— LipSi

Li Diffusivity (cm?2s~1)
=

- e B ERAK 05 10 15 20 25 30
T3 Frrerere | e . . . . . .
LINREL ()&=, “RIDGE  Argonne’="  pacific Northwest nLi (#)

NATIONAL LABORATORY
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: Favorable Characteristics of Metallic Glasses as

A NOo d e M ate r| a I S G O TECHNICAL ACCOMPLISHMENTS AND PROGRESS

Reasonable capacity Better surface stability
Al Si,Niy Al SiFe, Al Si,Mn,
(x=14-25 (x=12-30 (x=12-30 2500 , . T
y = 8 - 25) y=12-18) y = 8 - 25) I ]

Theoretical o
Capacity 1412 - 2195 1678 - 2113 | 1620 - 2120 E.n \
(mAh/g) T -2500 .
ey cycles6-18 ¥ Small SEl formation
8 current
) © .5000 v Disappears after 1st
High fracture toughness Silicon Alloys have many cycles 1-8 cycle
. positive characteristics that -7500 T T ‘I
0 0.3 0.9 1.2

. ope 0.6
may enable long lived silicon- Voltage (V)

based anodes.

Engineering metals
10%E

4 N .
_ “Cualloys ~
>
< ’

Reduced volume change

o T2
, - Alalloys .~
2

K2 2 . .7 e
—==100mm o | T
no? 7 ,M Vi W atloys

(] R 2 S
10 K 10 mmeap o ) d
» /1,mm ol En,gmee'nng 270,

HDPE (PP»Nylons O;mm  ~Ceramics _ -

Fracture toughness, K. (MPa m”?)

ALO-Siq
0.01mm .~ MgO ,2,3

7
CpyckC - : g
o 7 o0guim - ‘

P5) bmma .- _+0.000} fm '

10° _LDPE/ z angineering/

Expansion
polymets

S0 Oxide
Silicates glasses

107 i0? RS 10
Yield strength, a, (MPa) - t'
active
. A . OAK M inactive
‘.’ m rerrcreyr | e i I -
TINREL () e ;\|\ “RIDGE Arggmgﬁ bcific Northoreet R. Ritchie et al., Nature Mater, 2011, 10. P.817-822

NATIONAL LABORATORY M. D. Fleischauer et al., J. ECS, 2004 151(8) A1216-1221
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Bulk Metallic Glass Production & Structure Analyses

Splat Quenching
4 )

Quenches a molten metal droplet by splatting it Bulk synthesis is
with two cold metal surfaces at cooling rates of .
10°-10° K/s to produce amorphous alloys required to assess

the utility of alloys in
™ anodes. Splat
1. Levitation .
melting quenching has
- proven an effective

XRD

Alg,Si;;Mn,, at.%
Glass

Alg,Si;Mn,, at.%
Parent Alloy

Intensity (a.u.)

10 20 30 40 50 60 70 80

20 ()
method to form the o4 '
silicon metallic B 92
2 oo M
2. Free-fall glasses. 3 %F\b\\/}
1 ; -0.4
% -0.6
T
& 08
g 1.0
g 1.2+
141 DSC
1.6

100 200 300 400

j Temperature (°C)

SEM, XRD, DSC and TEM analyses confirms successful

OAK S % fabrication of dense, amorphous metallic glasses
m Argonne.,. Pacific Northwest

NATIONAL LABORATORY

FINREL (@)
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Interfacial Stability of Metallic Glasses

TECHNICAL ACCOMPLISHMENTS AND PROGRESS

CV EIS
0.04 ; ' 10000 _ ?s?v
; "\ | AlggSizsMnyy 5
] P
< ¢ TET T Ees
) i — 3rd
§ o0.02- ' By 4
E ! 5th
[ —_— ———
- ! E th
2 ' ) . § 6000+ =0
7] 1/ NLe=e ==~ e - 100001
c 0004 JLao--- D e S SI
8 e o‘-,,’ u 8000 - ,7
= n b ol £ 4000- £ b=
L ; +— Much smaller SEI £ = 74
- £ iaoo i .
3 -0024 |! formation current \ . 7 —
' / - - 2000 - ] 7 —a
: / oo 00nmst Unvarying .
1 r . 0 T v T
0.08 ! K ——Al,,Si,.Mn,, at.% Impedance 7 = G
-u. * T T T T T T 0 T T T T T r {
0.5 1.0 1.5 2.0 2.5 3.0 0 2000 4000 6000 8000 10000
Voltage (V vs. Li/Li") Re(Z) (Ohm)

Metallic glasses show much better interfacial stability compared to the pure Si electrode counterpart

N

v" Much smaller SEl formation current density

v" Constant cell impedance (Si shows impedance evolution as it OAK

cycles)

MNATIOMAL RENEWABLE ENERGY LABORATORY . 15

FINREL ()i,

“RIDGE  Argonne =)

Pacific Northwest
NATIONAL LABORATORY



TECHNICAL ACCOMPLISHMENTS AND PROGRESS

PECVD Si Nanoparticles Enable Unique Studies on Material Composition

Key Concepts: Key Conclusion:

* Nonthermal plasma-enhanced chemical vapor
deposition (PECVD) enables synthesis of intrinsic,
doped, and alloyed Si NPs (3—50 nm diameter)

* Doping and alloying Si NPs accelerates CE stabilization and
enhances capacity retention cf. intrinsic Si NPs

B:Si NPs SiSn NPs
 PECVD method capable of grams per day production of - 100
hydrogen-terminated, oxide-free Si NPs = 5 ‘
PR \ £ oot 64mmesi € 99| 7.4 nm Sige5Sng05
Intrinsic Si NPs s g e 2 T or%
, 2 o8l y 3 98
Synthesis of Si NPs 5 w ) )
Vla PECVD at é o7 70 83% é o 70 629
. 2 ¢ =S
production rates 3 o w § 96 ©
Of 1.2 g/hr o . o 1 lé 5| a 5 | 5%. 1 Iﬁ 3 i s
20 40 60 80 100 9 20 40 60 80 100
Cycle Cycle
100 100

8ol 5.1 nm SiggSng 4

—8— Capacity Retention: 90%
7.4 nm Sij g5Sng g5

—e— Capacity Retention: 86%

801 6.4 nm B:Si
—e— Capacity Retention: 92%

601 601

40+ 40

20} 20+

Capacity (Normlaized @ 4th Cycle)

Capacity (Normalized @ 4th Cycle)

20 40 60 80 100 20 40 60 80 100
Cycle Cycle

, , % PECVD enables compositionally controlled nano-particles of
TINREL ()i F\J\ ,\1;1}}_‘_(_;;-:_ AfBE?D.OEﬁ . alloys for initial evaluation of functional electrode structures.

Pacific Northwest
NATIONAL LABORATORY
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TECHNICAL ACCOMPLISHMENTS AND PROGRESS

Role of Size, Surface, and Electrolyte in Si Nanoparticle (NP) Electrodes

Key Conclusions: ”0_," Gen2 + 10% FEC ? 4| GenoF Open = SiH, /Si
. - . 3] 2 T Closed = SiO,/Si
Capacity retention and rate 3 1000 L —Fo—
capability increase with = 8-
decreasing Si NP size (3—30 nm) Gen2F=063 027 Q1 WA <
F o
i ili i ¥ 5 [ — F e
* FEC provides stabilization for both | £ 400 400 ] 2
. . o HyC” 0”7 “OCH, 5 5 E =
SiH, and SiO, surfaces s | o
: I~ Si [SiH,] NP diameter (nm) - .
Model Composite Electrodes: @ 5 10 15 20 25 30 %5 2 3 4
15% mass Si NP (3-30 nm) £ S N;g. t
70% mass Carbon (Cgs) g Gen2 ' rameter
15% mass PAA binder > Both Lifetime &
Areal capacity: ~ 1 mAhr cm? § Rate Capability' >
Porosity > 50% S y '
Cycled in half-cells (vs Li metal) 5l AN - . ..
Cycled 3 @ C/20 then 100 @C/5 . Rate Capability also impacted by Si size
. . S /20 crs o 4nm
L 12 nm Si NPs T — . : 1.0-&% o 12nm
£ - » N )OL + o\n'o P E,,',_PtlF:‘ S osl e 30nm
1 - HsC” 0~ “OCH; ) F £ 0.6 10C
= M M M L L " c .OF l.........
S %G 20 40 60 80 100 2 o4 000000000
S Cycle Number 8 -
> 02} =
[&]
1.0 0.2 0.4 0.6 0.8 1.0 12 14 % 00.
Potential (V vs. Li) .7' (@] 0 - v 2I5 3.0 35
. . - OAK
INREL @R =i ¥R wgome® e rorfon
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Solvation structure, reduction behavior and transport properties of Gen2

electrolyte vs EC electrolyte

TECHNICAL ACCOMPLISHMENTS AND PROGRESS

Solvation structure

Solvent separated ion pairs
(SSIP)

Contact ion pairs Aggregates

(CIP) . @GG) . .
e EC electrolyte: SSIP ratio (94%), CIP ratio (6%) and AGG ratio (<1%)
* Gen?2 electrolyte: higher CIP ratio (>30%) and AGG ratio (>30%)

cP 9%
31.79%
Gen2-AGG2 %’“%
??if (neutral)
7% Gen2-AGG3
(-1 charge)

* At least 19 % within the 31% AGG species are charged species, which
contributes to the ionic conductivity

. \ OAK

LINREL @k, =) ¥Ribor Argonne™

® e
P, ?{jj}@ o+ Understanding the
“™ nature of the
electrolyte and its
interaction with
the electrode
(surface) is critical
to determining SEI
formation and
evolution.

Pacific Northwest
NATIONAL LABORATORY

ssiP

36.81% Gen2-AGG4 (-1 charge)

Gen2-AGGS (neutral)

Other

MNATIOMAL RENEWABLE ENERGY LABORATORY

EMC-Li binding preferred in CIP&AGG
M B R

Gen2-S5IP Gen2-CIP1 Gen2-CIP2

@® Ec
) Emc
® v

SsiP cip AGG O res
* ECis preferentially pushed out of the solvation shell as PF,~ comes in.

¢ EMC forms a more stable structure with PF,".

Reduction Behavior

* Reduction potential: EC: c.a. 0.70~0.64 V
EMC: c.a.0.45V
* ECis preferentially reduced and contribute to the initial SEI formation

Transport properties

Self-diffusion coefficient

Number of sol
o = N W s D

Conductivity

= EC 10
EMC &
v FEC g
107} L s
- i
» . Y = [ >
o 2z 1t
°
= 4n-11L El
' H
[=]
o
L
s
1012 "o
EC ECF Gen2 GenF : EC ECF Gen2 GenF

* Gen2 exhibits higher diffusivity than cc
* Gen2 and EC electrolyte show similar overall conductivity



TECHNICAL ACCOMPLISHMENTS AND PROGRESS

Electrochemical Behavior with Tailored Si NP Molecular Surface Chemistries

Key Concept:

e Rationally designing the Si active material surface
chemistry can lead to an electrochemically and
chemically stable interface, maximizing capacity
retention and minimizing irreversible lithium
consumption

Types of surface chemistry modifications:

Control: SIi@NMP Non-polar: Si@C,, Polar: SI@PEO,

EXSiHS(H) H(SiH3) SiHz(H)
o (o) Si*
o-Si - - o%\(
N\ 4 Si \M ..
SiHa(H) (SiHa)
4000
<100

Polar vs. non-polar:

e 3

g‘; 3000'*, . SieCy, 90 g * Non-polar groups block
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Effect of polar ligand length: Polar surfaces that are sufficiently long become
electronically insulating and lower the reversible capacity of Si; long-term CE is largely
independent of polar surface thickness
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CO2 has been reported to enhance silicon anode performance

Result: Soluble SEl is significantly different with CO, resulting in more PEO like polymer species
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SEI with CO, has higher concentration of PEG like

groups and different SEl species after cycling. But I "l
they are easy to remove in DMC. How do we fix? “ ™ ’ \
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Result: CO, changes the Si SEI chemistry and thickness but not capacity retention

CO, XPS result
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Post DMC wash we see insoluble part of the SEI
is more inorganic (LiF like) with CO, and more

organic without CO, — CO, appears to mimic

FEC additive

The changes that the presence of CO2 induce in
the SEl don’t result in improved capacity

retention

SSRM Resistivity vs. Depth Profiles
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e A team approach with rigorous sample and experimental control is at the heart of this project.

* The nature and life history of the silicon has a dramatic effect on the formation and evolution of the SEl on
silicon.

* Alloys and the zintl phase show promise but the exact nature of the effect is still under investigation.

* Project is moving to a much more vertically integrated approach connecting fundamental results with cell
builds.

* In our hands CO2 does not improve performance.
* The nature of the silicon surface is a critical element in performance.

* Understanding of how changes affect the SElI chemistry is fundamental to progress.
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’

Proposed future work is subject to change based on funding levels.

* Test protocols, (cyclic life and calendar life) will be employed for all silicon
“advances” .

* Understanding the mechanical features of the SEIl will be important.

* More focus on understanding the formation and evolution of the SEl in alloy
systems.

* |dentify solutions to SEl stability based upon SEISta understanding and direct
synthesis of new silicon materials to take through to full cell efforts using a
stage gate approach.
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